The study of the materials exhibiting multiferroicity -a phenomenon arising from a coupling between two ferroics orders which were historically considered to be mutually exclusive, e.g., ferroelectric and magnetic order parameters -is an active topic of research [1] [2] [3] [4] [5] [6] [7] [8] [9] [10] [11] [12] [13] [14] . Over the past decade, various theoretical models have been proposed to explain such a spin-driven ferroelectricity [see, for instance, 1, [13] [14] [15] [16] [17] [18] [19] [20] [21] [22] [23] [24] , with the magnetism from transition-metal ions commonly known to trigger such a phenomenon. While models based on exchangestriction have been applied to collinear (CL) spin systems, Dzyaloshinski-Moriya interaction (DMI), which is asymmetric exchange interaction (Si x Sj) between spins at different sites, has been believed to govern multiferroic behavior for the materials with noncollinear (NCL) magnetic structures (that is, for spatially rotating magnetic structure). Conventional DMI-based models, such as Katsura, Nagaosa, and Balatsky (KNB) model [Ref. 16] , are applicable to those in which normal vector of the spin spiral plane is perpendicular to the propagation vector (as in cycloidal magnetic structure) and does not involve lattice degree of freedom. The DMI interaction via a third ligand ion was also proposed by Sergienko and Dagotto [17] to lead to electric polarization due to displacement of the ligand in transition metal systems in which superexchange mechanism mediates magnetic ordering. However, such DMI-based models could not explain the origin of ferroelectricity in proper-screw type magnetic systems -as in delafossites (e.g., CuCrO2) [18] -in which normal vector of the spins at two different sites is parallel to the propagation vector. Among various other theories to describe canted-spincaused ferroelectricity [19] [20] [21] [22] [23] [24] , a 'local' approach by Kaplan and Mahanti [19] offered an explanation, based on the formation of the dipole moment caused just by a pair of canted spins without the need to invoke magnetic structures like that of spiral. Thus, this theory is a more general form of DMI explaining multiferroicity, adding an additional contribution to KNB coupling. Subsequently, Miyahara and Furukawa [24] proposed a microscopic model for such a 'local' spin-pair-dependent electric polarization. In a nutshell, these theories [23, 24] demand that multiferroicity can be observed in any canted antiferromagnet, owing to non-KNB coupling, apparently not restricted to d-metal ions. Clearly, NCL magnetic structures can present surprising situations in the field of magnetism [25] . Therefore, there is a need to search for materials for new anomalies involving canted-spins in general to advance the knowledge in the field of multiferroics. This is the motivation of the present work.
In this article, we provide an evidence in a globally centrosymmetric material, for a new spin-driven polarization mechanism. The conclusion is based on the neutron powder diffraction (NPD) studies on Tb2BaNiO5 (space group: Immm, see Ref. 27 for crystal structure), which was shown to be an 'exotic' multiferroic below 25 K recently [26] . Density functional theoretical (DFT) calculations were carried out to support canted magnetic ground state, derived from NPD.
The compound under investigation is a derivative of a spin-chain compound, Y2BaNiO5 [28] , in which Y is non-magnetic. The spin-chain, running along a-axis (inset, Fig. 1 ), is made up of integer spins of Ni and hence this Y compound is characterized by a gap between non-magnetic ground state and excited state (known as Haldane-gap). The interchain interaction is weak. In sharp contrast to this, when Y is replaced by magnetic-moment containing rare-earths (R), antiferromagnetic (AFM) ordering gets triggered at both R and Ni sites, interestingly, at the same temperature in the family R2BaNiO5. These compounds with a moment on R are spin-driven multiferroics [26, [29] [30] [31] . The magnetic structure is characterized [32, 33] by the temperature-independent propagation vector k = (1/2, 0, 1/2). Exotic nature of the Tb compound is due to the following: The Néel temperature (TN= 63 K, also called TN1 here) is the highest within this series and the observed value of magnetodielectric coupling (18%) is the largest ever reported for a polycrystalline compound, attributable to single-ion 4f orbital anisotropy [26] . In addition, this compound exhibits another subtle, but distinct, magnetic anomaly at (TN2=) 25 K which induces electric dipole ordering below this temperature only (and hence TN2 is called ferroelectric Curie temperature, TC). Since no information about canting angle behavior across 25 K was presented in Ref. 32 , we considered it absolutely essential to reinvestigate this compound by NPD carefully and to augment it with DFT calculations to throw light on the origin anomalies of this compound.
NPD experiments were carried out on polycrystalline sample of Tb2BaNiO5 on WISH diffractometer on target station (TS-2) of the Rutherford Appleton Laboratory, UK. NPD patterns were obtained from 2 K to 80 K in steps of 2 K. FullProf [34] program was used to refine the nuclear and magnetic structures using the data measured in detector banks at average scattering angles (2ϴ) of [35] . The details of methodology used in our calculations are given in the Supplementary Materials [27] .
The NPD pattern collected at T = 80 K was refined successfully for the orthorhombic structure in the space group Immm, in good agreement with the previous reports [28, 31] . The details of the structural parameters are given in Table 1 of Supplemental Material [27] . In Fig. 1 , the observed (Iobs) NPD patterns along with refined profile (Ical) are shown for T = 2, 60 and 80 K, which indicate good agreement. As expected, below TN (say, at ~60 K), additional peaks could be seen due to magnetic ordering, as known earlier [32, 33] . These magnetic Bragg peaks could be indexed by invoking the propagation vector, k = (½, 0, ½). The magnetic structure at 2 K resembles the model reported in the literature [32] . In fact, the magnetic structure of Ho2BaNiO5 was taken as the starting model for refinement [36] . As the temperature is lowered below 63 K, the magnetic Bragg peaks gain intensity due to the ordered moments of Tb and Ni. The magnetic structures at 2, 26 and 60 K are shown in figure 2. In the inset of Fig. 3a , the variation in the magnitude of θ as a function of temperature is plotted for Ni and Tb magnetic-moments. The angle here refers to the magnitude of the angle between the moment-vector and the crystallographic (positive direction) c-axis. The magnetic-moment of Ni is canted in the entire T-range below TN1, with the moment orienting almost along c-axis at the onset of magnetic order. But /θ/ increases with a gradual lowering of temperature, attaining a value of about 45° at 4.2 K. Thus, there is a large variation of θ of Ni moment below TN1. However, the Tb moment is oriented close to c-axis (θ= 1 to 7°) at all temperatures with a weak Tdependence below TN1. But, what is intriguing is that there is a sharp increase in the canted angle subtended by Ni with the c-axis at 25 K from about 18° in a narrow temperature interval reaching a saturation value below about 15 K. Naturally, the difference (Δθ) in the canting angle of nearby Ni and Tb moments (oriented towards, say, positive c-direction) increases sharply below this temperature (Fig. 3a) . There is a noticeable change in Ni/Tb magnetic moments ( The overall change in the absolute values is small, but it is much bigger than the experimental errors. The Ni-O1-Tb bond angle also undergoes a change, with this angle increasing below 24 K.
We observed that the influence of coupled ordering at 25 K is felt in the lattice constants as well ( Fig. 4a) , determined from NPD patterns. The lattice constant a increases, and b and c decrease with decreasing temperature, but exhibit sudden changes around 25 K. It may be noted that there is a gradual change of slope even near TN1. Since it is more instructive to see how bond lengths are getting influenced at this temperature, we have plotted T-dependence of bond lengths for Ni-O1 and Ni-O2 (lying along the chain, called "apical" distance in Ref. 32) in figures 4b and 4c. We can confidently state that the Ni-O1 bond length tends to show an upward trend below 25 K, with respect to the positive temperature coefficient seen above 25 K. There is of course an influence on Ni-O2 distances as well, in the sense that the slope value changes gradually around this temperature. A careful look at the analyzed data revealed that the z value for Tb with the coordinate (1/2, 0, z) exhibits a weak, but observable, change in the vicinity of TN1 as well as at TN2, suggesting that Tb displacement possibly causes local electric polarization. On the basis of displacement, we infer that the local polarization along b-direction is favored, than along c-direction.
In short, the NPD data show that there is an apparent critical (relative) canting angle of Ni and Tb magnetic moments that has to be exceeded for electric dipole ordering to get triggered by magnetic order -which is a fascinating observation. As shown above, there is a weak, but a sudden, change in the bond distances and the bond angles subtended by magnetic moments with oxygen at 25 K. These are the key findings of this experimental work, which was not reported in earlier NPD investigations [32] . Note that the sub-lattice magnetic structure is of a collinear type for both Ni and Tb. In other words, there is no evidence for cycloidal magnetic structure, even when one enters multiferroic region (that is, below 25 K), thereby raising a question on the applicability of conventional DMI based models [16] to describe multiferroicity in this case. Even at TN1, there is a lattice strain (possibly due to symmetric exchange from the intra-sublattice collinearity), but it is still weaker, as inferred from a weak slope change in the plots of lattice constants versus temperature (Fig. 4) , but the strain below 25 K only results in electric dipole ordering. This finding establishes that it is the large difference in local canting angles of Ni and Tb moments below 25 K that apparently results in a relatively enhanced lattice strain leading to net spontaneous electric polarization. These observations support the need for an exchangestriction-based model even to NCL magnetic insulators, also when a rare-earth with well-localized magnetic moments (not favorable to superexchange interaction) is involved in interatomic canting to trigger multiferroicity. The 'local spin-canting' theory of Ref. 19 appears to be more general in this respect (that is, without insistence of any spiral magnetic structure) and it is therefore of interest to extend this model to take into account exchangestriction. [In the range 25 -63 K, possible local electric dipoles created by canting appears to average out over a large volume, making the net spontaneous polarization zero]. At this juncture, it is worth stating that our initial studies on Tb2-xYxBaNiO5, investigated up to x= 1.5, suggest that TN2 and TC get reduced linearly with x ( Fig. S3 in Ref. 27) , almost scaling with the concentration of Tb. This finding favors local canting involving Tb 4f (consistent with the role of Tb, inferred from z-coordinate values as well above). Finally, we admit that we are not able to resolve noncentrosymmetry at the onset of electric dipole order from the present NPD results. We reconcile this by the fact that the lattice distortions are so small that the resulting loss of inversion symmetry escapes detection in neutron and x-ray diffraction, as known for some other multiferroics, even in the recent past [37, 38] . We are not however handicapped by this assumption to draw the present conclusions.
In order to render support to the magnetic state obtained from NPD, we carried out first-principles DFT calculations. The total energy calculations were performed using the experimental structural parameters for various magnetic configurations [ Fig. S4 in Ref. 27 ] such as ferromagnetic (FM), ferrimagnetic, and different AFM orders including the one observed in experiments within GGA, GGA+U and GGA+U+SO approximations. We noted that, within GGA+SO approximation, the electronic structure is metallic which is not consistent with experimentally observed insulating behavior of this spin-chain family. Therefore, a finite Coulomb correlation energy, U, is essential in the calculations. We further computed total energies assuming collinear and non-collinear spin configurations (with respect to c-axis) for the AFM order observed experimentally (AFM-CL and AFM-NCL respectively) within GGA+U+SO approximation. For CL magnetic state, the magnetic moments of both Tb and Ni ions were fixed parallel to the c-axis. However, for the case of NCL magnetic state, the magnetic moments of Ni ions were allowed to rotate in the a-c plane; the Tb moments were fixed along c-axis as neutron measurements show very small θ for Tb and the end results are not affected by such marginal changes. In the NCL case, the initial magnetic state with Ni moments canted at 45° with respect to c-axis, was allowed to relax over a selfconsistency cycle until it reached the energy minimum. The value of Ueff= U -J (where U is the Coulomb correlation and J is Hund's exchange) was varied systematically between 0 and 4.5 eV for Ni, while for Tb the values were fixed at 0 and at a value typical of heavy rare-earths, e.g., 7eV. Comparing total energies of various magnetic states including the CL and NCL magnetic states, we observe that within GGA+SO approximation, the ferromagnetic state is the ground state. On incorporating U, the ground state becomes non-collinear AFM which is consistent with that found in the neutron diffraction measurements described above. Further, when we vary Ueff for Ni d-states (keeping Ueff fixed at 7eV for Tb f-states) up to a critical value of Ueff for Ni (which is around 2eV here), the ground state remains non-collinear. However, on increasing Ueff beyond 2eV, the CL magnetic state becomes the lowest energy state (see Table II in Supplemental Material). From our NCL calculations, we have computed θ of Ni moment (Table III and Fig. S5 in Supplemental Material) which are seen to increase with U applied to Ni and, for Ueff≥ 1.5 eV, it lies in the range of 30 º -40 º which are quite close to experimentally observed value at 2 K. Finally, we have fully optimized the experimental crystal structure for FM and AFM-CL configurations. Optimized structural parameters are listed in Table IV of Supplemental Material. We can clearly see that in the case of AFM-CL, Ni-O-Ni bond angle along the chain (i.e. a-axis) is not exactly 180º as found in the case of FM, establishing local distortion.
In conclusion, the article brings out a situation in which a critical canting angle of a pair of spins (Ni 3d and Tb 4f) determines the onset of magnetoelectric coupling. It is the existence of two different canted regime below Néel order in a single compound that enables us to pose a question whether the concept of a critical canting angle for such an adjacent pair of magnetic ions with favorable exchangestriction, is relevant for multiferroicity. Additionally, it is worth noting that one of the pairs involved in canting contains well-localized 4f orbital with non-zero orbital angular momentum, occupying a site different from the d-ion in the crystal structure, unlike in many other spin-driven multiferroics in which (spatially extended) d-orbitals occupying the same site cause multiferroicity. Dong et al [39] emphasized recently the need to identify multiferroics in which f-moments play a key role to understand the role of spin-orbit coupling to mediate electric polarization. This Tb-based material could be a case to address this issue. In short, this work is a step forward in canted-spin-caused multiferroicity.
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Here we show the crystal structure of the title compound, temperature dependence of magnetic moment values derived from neutron diffraction data, various magnetic structures considered in DFT calculations, and the dependence of canting angle of Ni moments in AFM-NCL magnetic structure on Ueff applied to Ni ions keeping Ueff for Tb fixed at 7eV in the figures. Structural parameters obtained by Rietveld fitting of a neutron diffraction pattern at selected temperatures, and various parameters obtained in the calculation for different input parameters are shown in the Tables.
We also show how Néel temperature and multiferroic onset temperature vary with the silution of Tb sublattice with Y. Experimental results in detail based on magnetization, heat-capacity, dielectric constant and bias current as a function of temperature and magnetic-field will be published elsewhere [1] . Fig: S1 . Crystal structure of Tb2BaNiO5.
Refinement methodology:
We have refined the different parameters with a Convolution pseudoVoigt with back-to-back exponential functions for peak shape profile, for example, scale, cell parameters, z-position of Tb and O2 and y-position of O1, and thermal parameter (Biso). Further, for patterns below Néel temperature, as mentioned in the main text, we have used the Ho2BaNiO5 model as in Ref. 32 , refining for the magnetic moments of Tb and Ni as well.
In order to refine the magnetic structure, we have taken magnetic moments in spherical coordinates, which allows refinement of the angle of the moments with respect to crystallographic axis, in addition to the magnetic moment values.
In Fig. 1 , the difference spectra are shown to bring out that the fit is good. The R-values 
Spontaneous polarization:
We have calculated the spontaneous polarization (Ps) from the positional coordinates from Rietveld refined coordinates, unit cell parameters and first-principles derived Born effective charges (BEC) taken from the literature [2, 3] using the following relationship: P = e/V ∑ ′ ∆( ) The Ps can be calculated along the three crystallographic direction, and the net sum of the polarization is expressed by the above equation.
In this equation, the sum runs over all the ions inside the unit cell, while Delta k) is the displacement of the kth ion from its ideal position, zk the Born effective charge for kth ion, and V the volume of the primitive unit cell [4] . 
Tables following neutron diffraction analysis

DFT calculation methodology and details
DFT calculations were performed using the Perdew-Burke-Ernzerhof Generalized Gradient Approximation (PBE-GGA) [5] and GGA+U [6] approximation. We also carried out the noncollinear and collinear magnetic calculations within the GGA+U+SO approximation. Structural optimization of lattice parameters and atomic coordinates are performed until the Hellmann-Feynman force on each atom is less than 5 meV/Å. An energy cut-off of 450 eV was used for the plane waves in the basis set while a 2x4x2 Monkhorst-Pack k-mesh centered at Γ was used for performing the Brillouin zone integrations. The selfconsistent electronic structure calculations, were performed till an energy difference of 10 -4 eV was achieved. References:
